Dysregulation of the von Hippel-Lindau/hypoxia-inducible transcription factor (HIF) signaling pathway promotes clear cell renal cell carcinoma (ccRCC) progression and metastasis. The protein kinase GAS6/AXL signaling pathway has recently been implicated as an essential mediator of metastasis and receptor tyrosine kinase crosstalk in cancer. Here we establish a molecular link between HIF stabilization and induction of AXL receptor expression in metastatic ccRCC. We found that HIF-1 and HIF-2 directly activate the expression of AXL by binding to the hypoxia-response element in the AXL proximal promoter. Importantly, genetic and therapeutic inactivation of AXL signaling in metastatic ccRCC cells reversed the invasive and metastatic phenotype in vivo. Furthermore, we define a pathway by which GAS6/AXL signaling uses lateral activation of the met proto-oncogene (MET) through SRC proto-oncogene nonreceptor tyrosine kinase to maximize cellular invasion. Clinically, AXL expression in primary tumors of ccRCC patients correlates with aggressive tumor behavior and patient lethality. These findings provide an alternative model for SRC and MET activation by growth arrest-specific 6 in ccRCC and identify AXL as a therapeutic target driving the aggressive phenotype in renal clear cell carcinoma.
Dysregulation of the von Hippel-Lindau/hypoxia-inducible transcription factor (HIF) signaling pathway promotes clear cell renal cell carcinoma (ccRCC) progression and metastasis. The protein kinase GAS6/AXL signaling pathway has recently been implicated as an essential mediator of metastasis and receptor tyrosine kinase crosstalk in cancer. Here we establish a molecular link between HIF stabilization and induction of AXL receptor expression in metastatic ccRCC. We found that HIF-1 and HIF-2 directly activate the expression of AXL by binding to the hypoxia-response element in the AXL proximal promoter. Importantly, genetic and therapeutic inactivation of AXL signaling in metastatic ccRCC cells reversed the invasive and metastatic phenotype in vivo. Furthermore, we define a pathway by which GAS6/AXL signaling uses lateral activation of the met proto-oncogene (MET) through SRC proto-oncogene nonreceptor tyrosine kinase to maximize cellular invasion. Clinically, AXL expression in primary tumors of ccRCC patients correlates with aggressive tumor behavior and patient lethality. These findings provide an alternative model for SRC and MET activation by growth arrest-specific 6 in ccRCC and identify AXL as a therapeutic target driving the aggressive phenotype in renal clear cell carcinoma.
targeted therapy | kidney cancer | VHL | hepatocellular carcinoma K idney cancer is a leading cause of cancer-related deaths in the United States. Metastasis to distant organs including the lung, bone, liver, and brain is the primary cause of death in kidney cancer patients, as only 12% of patients with metastatic kidney cancer will survive past 5 y, in comparison with 92% of patients with a localized disease (1) . Because kidney cancer is chemo-and radiation-resistant, targeted therapies are needed for the prevention and management of metastatic kidney cancer.
The von Hippel-Lindau (VHL)-hypoxia-inducible transcription factor (HIF) pathway is a critical regulator of clear cell renal cell carcinoma (ccRCC) tumor initiation and metastasis. VHL is a classic tumor suppressor controlling tumor initiation in ∼90% of ccRCC tumors (2, 3) . VHL is the substrate recognition component of an E3 ubiquitin ligase complex containing the elongins B and C (4, 5), Cullin-2 (6), and Rbx1 (7) that targets the hydroxylated, oxygen-sensitive α-subunits of HIFs (HIF-1, -2, and -3) for ubiquitination and degradation by the 26S proteasome (8, 9) . Thus, the primary function ascribed to VHL is the regulation of HIF protein stability. In VHL-deficient tumors, HIF transcriptional activity is constitutively active and contributes to both ccRCC tumor initiation and metastasis (8) (9) (10) (11) . Although many downstream HIF targets controlling ccRCC tumor initiation have been defined, key targets involved in ccRCC metastasis remain to be identified.
AXL, a member of the TAM family of receptor tyrosine kinases (RTKs), has recently been described as an essential mediator of cancer metastasis. Additionally, AXL has been reported to mediate RTK crosstalk and resistance to targeted kinase inhibitors in cancer (12) (13) (14) . Although these findings implicate AXL as an emerging therapeutic target for advanced disease, the mechanisms by which AXL is overexpressed in tumors remains largely unknown. Furthermore, the functional role of AXL and therapeutic potential of AXL inhibitors in kidney cancer remains unknown.
In this report, we establish a molecular link between HIF stabilization and AXL expression in metastatic ccRCC. We demonstrate that AXL expression is directly activated by HIF-1 and HIF-2 in VHL-deficient and hypoxic cancer cells. These data provide a mechanism for AXL up-regulation in kidney cancer but also in cancers such as hepatocellular cancer, where activation of HIF through intratumoral hypoxia is a prominent feature. Importantly, AXL plays a significant role in ccRCC invasion and metastasis. Genetic inactivation of AXL in ccRCC cells significantly reduced tumor cell invasion and metastasis to the lung. Additionally, therapeutic blockade of AXL signaling using a soluble AXL (sAXL) decoy receptor blocked tumor invasion and metastatic progression in the lung. At the molecular level, we demonstrate that the growth arrest-specific 6 (GAS6)/AXL signaling is in a complex with SRC proto-oncogene nonreceptor tyrosine kinase and activates the met proto-oncogene (MET) receptor in an HGF-independent manner to optimize ccRCC migration and invasion. Clinically, AXL expression in primary ccRCC tumors correlates with an aggressive tumor phenotype and patient lethality. These data identify the GAS6/AXL signaling pathway as a therapeutic target to prevent and treat metastatic ccRCC.
Significance
Here we report a fundamental and previously unknown role for the receptor tyrosine kinase AXL as a direct hypoxia-inducible transcription factor target driving the aggressive phenotype in renal clear cell carcinoma through the regulation of the SRC protooncogene nonreceptor tyrosine kinase and the MET protooncogene receptor tyrosine kinase. Of therapeutic relevance, we demonstrate that inactivation of growth arrest-specific 6 (GAS6)/AXL signaling using a soluble AXL decoy receptor reversed the invasive and metastatic phenotype of clear cell renal cell carcinoma (ccRCC) cells. Furthermore, we define a pathway by which GAS6/AXL signaling utilizes lateral activation of MET through SRC to maximize cellular invasion. Our data provide an alternative model for SRC and MET activation by GAS6 in ccRCC and identify AXL as a therapeutic target driving the aggressive phenotype in renal clear cell carcinoma.
Results
AXL Is Activated by HIF-1 and HIF-2 in VHL-Deficient and Hypoxic Cancer Cells. To identify novel molecular targets involved in ccRCC tumor progression and metastasis, we performed a directed screen by combining high-throughput chromatin immunoprecipitation (ChIP-chip) with gene expression analysis to identify functionally relevant HIF target genes (15) (Fig. 1A) . The RCC4 ccRCC line was used as a model system based on its abundant normoxic expression of HIF-1 and HIF-2 due to genetic inactivation of VHL. Expression profiling was used to identify functional HIF target genes induced greater than 1.5-fold in RCC4 cells compared with VHL reconstituted RCC4 cells (RCC4-VHL) (16) . In parallel, ChIP-chip analysis was used to identify genes bound by HIF-1 or HIF-2 within promoter regions of RCC4 cells. The screen identified several known HIF target genes, including vascular endothelial growth factor (VEGF), providing validity for our ChIP-chip analysis (15) . We were particularly interested in identifying HIF targets that could be molecular targets for ccRCC therapy, including secreted factors, receptors, or kinases. Using these criteria, we found the RTK AXL was induced 4.7-fold in RCC4 cells in comparison with RCC4-VHL cells (Fig. 1B) . By ChIP, we found that the AXL promoter was enriched for HIF-1 (0.49) and HIF-2 (0.74) binding in comparison with the IgG (0.3) control (Fig. 1B) . Thus, we used an unbiased screen to identify the RTK AXL as a putative HIF target capable of therapeutic intervention.
To validate AXL as a HIF-regulated gene in VHL-deficient cells, we confirmed the ChIP-chip data by quantitative real-time PCR analysis. AXL mRNA was significantly up-regulated (threefold) in RCC4 compared with RCC4-VHL cells, respectively (Fig.  1C) . Similarly, AXL protein levels were increased in RCC4 and 786-0 VHL-deficient cells compared with their matched VHL reconstituted cells, verifying AXL as a VHL-regulated gene ( Fig. 1 D and E). Repression of endogenous HIF signaling through siRNA-mediated inactivation of HIF-1 and HIF-2 or shRNAmediated inactivation of ARNT, the common binding partner for HIF-1 and HIF-2, resulted in a significant repression of AXL expression (Fig. 1 F and G and Fig. S1 A-C) (17, 18) . Similarly, knockdown of HIF-2 expression in 786-0 cells, which only express HIF-2, resulted in a decrease in AXL protein levels ( Fig. 1H) (19) .
In addition to VHL loss, hypoxia is another mechanism by which HIF signaling is activated in cancer cells. Therefore, we investigated whether HIF regulates AXL expression in hypoxic cancer cells. In contrast to kidney cancer, where activation of HIF primarily occurs through loss of VHL, activation of HIF through intratumoral hypoxia is a prominent feature of hepatocellular carcinoma (20) . AXL expression was significantly induced by hypoxia in Hep3B and HepG2 cells (Fig. 1I) . Furthermore, AXL protein was also induced by hypoxia in HepG2 and Hep3B cells (Fig. 1J ). Genetic inactivation of HIF signaling using siRNAs targeting HIF-1, HIF-2, or ARNT demonstrated that similar to VEGF, deletion of HIF-1 or HIF-2 partially decreased the hypoxic induction of AXL, whereas inactivation of ARNT completely abolished the hypoxic induction of AXL ( Fig. 1 K and L and Fig. S1D ). Collectively, these findings demonstrate that HIF signaling regulates AXL expression in both VHL-deficient and hypoxic cancer cells.
The majority of AXL signaling occurs in a ligand-dependent manner mediated by GAS6. In cancer, GAS6/AXL signaling can be activated in an autocrine or paracrine manner with tumor cells as well as cells within the tumor microenvironment, including macrophages and endothelial cells producing biologically relevant sources of GAS6 (12) . Therefore, we examined the expression of GAS6, AXL, and phosphorylated AXL in VHL-deficient and hypoxic cancer cells. In comparison with human embryonic kidney cells (293T) that do not express AXL, the majority (5/7) of ccRCC cell lines expressed high levels of the AXL receptor ( Fig. S1 E and F). Phosphorylation of AXL in these cell lines was only present in those cell lines that also produced GAS6 (Fig. S1F) . Furthermore, stimulation of GAS6-low ccRCC cells with exogenous GAS6 resulted in a robust stimulation of phospho-AXL (p-AXL) (Fig.  S1G ). These findings indicate that AXL kinase activity is modulated in a GAS6-dependent manner in ccRCC. Under hypoxia, we also observed that up-regulation of AXL was accompanied by an activation of p-AXL in HepG2 cells that express endogenous GAS6 ( Fig. S1 H and I) . Thus, up-regulation of AXL by VHL loss or hypoxia results in an increase in AXL protein that is activated by endogenous and exogenous sources of GAS6. AXL Is a Direct HIF Target. HIF can exert its transcriptional activity through both direct and indirect mechanisms (21) (22) (23) . To determine if AXL is a direct HIF target, we searched the AXL promoter for consensus hypoxia-response elements (HREs) containing a conserved RCGTG sequence. Six consensus HRE sites were identified within a 2.4 kb fragment of the AXL promoter ( Fig. 2A) (24) . Luciferase assays using the 2.4 kb fragment of the AXL promoter demonstrated that expression of nondegradable HIF-1 and HIF-2 was sufficient to activate AXL promoter activity (Fig. 2B) . To identify which HRE sites are bound by HIF in vivo, we performed ChIP assays in which RCC4-VHL cells were exposed to normoxia or hypoxia and DNA fragments bound by endogenous HIF-1 were immunoprecipitated. HIF-1 binding to HRE 4 (−682/−678) was enriched in cells treated with hypoxia (Fig. 2C) . HIF-1 binding on the AXL promoter was comparable to binding within the JMJD1A HRE promoter, an established HIF target gene in ccRCC (Fig. 2C) (15) . Similar results were observed in HepG2 cells where hypoxia induced binding of endogenous HIF-1 to the AXL HRE (Fig. S2A) . Additionally, infection of an HA-tagged nondegradable HIF-2 into these cells also demonstrated a specific binding of HIF-2 at the HRE element in vivo ( Fig. S2B) (25) . These data demonstrate that HIF-1 and HIF-2 directly bind to and activate AXL expression. AXL has multiple protumorigenic properties, including regulating proliferation/survival, apoptosis, and invasion/metastasis (26) . To investigate the functional role of AXL in ccRCC, we used the highly metastatic SN12L1 cell line selected for its increased metastatic colonization of the lung and its high expression of both AXL and GAS6 (Fig. S1H) (27) . Genetic inhibition of AXL using shRNA targeting did not affect s.c. SN12L1 tumor growth, indicating that AXL signaling pathways are not essential for cell proliferation or survival of ccRCC cells (Fig. 3 A-C) . In contrast to the primary tumor, metastatic colonization of the lung was significantly impaired in mice injected with AXL-deficient cells. Both histologic analysis and quantification of human GAPDH (hGAPDH) expression revealed decreased tumor burden in the lungs of mice injected with shAXL cells compared with mice injected with control cells (Fig.  3D ). These findings demonstrate that AXL is a critical factor governing ccRCC invasion and metastatic colonization to the lung.
The findings above identify a role for AXL in ccRCC metastasis, raising the intriguing possibility that therapeutic inhibition of AXL could be an effective strategy for the treatment of metastatic ccRCC. Several classes of AXL inhibitors have been developed and have shown efficacy in preclinical models of metastasis. Currently, two small-molecule AXL inhibitors (BGB324 BergenBio and S49076 Servier) are in phase I clinical trials for the treatment of advanced cancer (28) . To selectively and specifically inhibit AXL activation directly, we developed a sAXL decoy receptor fused to human IgG1 (sAXL; Fig. 3E ). sAXL is a potent and safe inhibitor of GAS6 signaling (29) . To determine the efficacy of sAXL therapy in metastatic ccRCC, we treated mice with established SN12L1 metastatic lesions in the lung. Biweekly administration of sAXL (5 mg/kg) resulted in a significant reduction of metastatic tumor burden in the lungs of mice with established renal metastases compared with vehicle treatment (Fig. 3F ). These data demonstrate that selective inhibition of GAS6/AXL signaling using a single-agent sAXL decoy receptor is an effective strategy to inhibit ccRCC metastatic tumor progression in the lung in a model where high levels of endogenous GAS6 are produced by the tumor epithelium.
Given the significant role of AXL on SN12L1 (VHL wild-type ccRCC) metastasis, we sought to investigate the role of AXL in VHL-deficient and hypoxia-mediated metastasis (30) . Although the VHL-deficient ccRCC cell lines are poorly metastatic in vivo, 786-0 cells migrate and invade through ECM matrix proteins toward serum-containing media under serum-starved conditions. Inactivation of AXL signaling therapeutically with sAXL and genetically with shAXL significantly inhibited the ability of 786-0 cells to invade through matrigel in the presence of exogenous GAS6 (Fig. 3 G and H , 100 ng/mL). Furthermore, hypoxia-mediated invasion of Hep3B cells was also dependent on AXL expression (Fig.  S3 ). These findings demonstrate that AXL is an important factor governing both VHL-deficient and hypoxic invasion. Importantly, these studies suggest that sAXL therapy is sufficient to inhibit the prometastatic properties of ccRCC cells that express high levels of endogenous GAS6 and ccRCC cells that express low levels of GAS6 but respond to exogenous sources of GAS6.
HGF-Independent Activation of MET by GAS6 Signaling Promotes ccRCC Invasion. We next sought to investigate the molecular mechanisms by which GAS6/AXL signaling regulates ccRCC invasion and metastasis. The intracellular domain of AXL contains multiple tyrosine residues that serve as docking sites for signaling molecules including the non-RTK SRC family kinases (26) . In particular, in vitro binding studies revealed that tyrosine 821 is a docking site for SRC and LCK (31) . It is well established that SRC plays an important role in tumor growth, angiogenesis, and metastasis (32) . Moreover, SRC is active in ccRCC and correlates with poor patient survival (30) . However, the mechanisms for SRC activation in ccRCC remain unclear. We performed a series of experiments to determine if SRC activation is mediated through AXL in ccRCC. Immunoprecipitation studies in SN12L1 cells showed that AXL is complexed with SRC in ccRCC cells (Fig. 4A) . Time course analysis of GAS6-treated cells revealed that similar to AXL phosphorylation, SRC phosphorylation occurs within 5 min and is sustained with maximal levels at 60 min (Fig. 4B) . These findings indicate that SRC is a direct target of GAS6/AXL signaling in ccRCC cells.
SRC is a key intermediary in regulating lateral RTK-RTK signaling. Once activated, SRC has the ability to phosphorylate the intracellular domain of neighboring RTKs to relieve autoinhibition of the kinase domain (33) . We used the cBioPortal for Cancer Genomics database to analyze protein and phosphorylation changes of receptors in human ccRCC samples with high AXL expression (34, 35) . Phosphorylation of the RTK MET is increased in ccRCC tumors expressing high levels of AXL, indicating that MET activity may be regulated by GAS6/ AXL signaling. MET has previously been shown to be an intracellular target of SRC phosphorylation and is a key factor regulating epithelial-mesenchymal transition, invasion, and metastasis (36, 37) . In ccRCC cells lacking HGF expression, we found that similar to inactivation of AXL, knockdown of MET expression resulted in a significant decrease in the expression of EMT-associated factors, including SLUG and SNAIL (Fig. S4 A  and B) . Additionally, genetic inhibition of MET inhibited ccRCC invasion in the absence of HGF, indicating a functional role for ligand-independent MET activation in ccRCC (Fig. S4C) . Therefore, we hypothesized that lateral activation of MET may contribute to GAS/AXL-mediated EMT and metastasis in ccRCC. In support of this hypothesis, stimulation with GAS6 resulted in the activation of Y1349 in both SN12L1 and 786-0 cells, a key residue required for MET signaling (Fig. 4 C and D  and Fig. S4D ). This phosphorylation event occurred independent of the HGF-dependent phosphorylation at residues Y1234/Y1235 (Fig. 4C) (38) . Because ccRCC cells express a number of SFKs, including SRC, CSK, FYN, LYN, and YES, we used small-molecule SFK inhibitors to determine if GAS6-mediated activation of MET occurs through SFK members (Fig. S4E) . Preincubation with the kinase inhibitors PP2 (500 nM) and dasatinib (50 nM) that target SFKs abolished the GAS6-mediated increase in both SRC and MET Y1349 phosphorylation without affecting p-AXL or total MET levels (Fig. 4C) . Similar results were observed using the more specific SFK inhibitor sarcatinib/AZD0530 (1 μM; Fig. S4F ). Importantly, we used sAXL to demonstrate that therapeutic inhibition of GAS6 in ccRCC is sufficient to block GAS6-mediated activation of AXL, SRC, and MET (Fig. 4 D and E) . These findings indicate that SFKs are required for GAS6 transphosphorylation of MET and targeting GAS6/AXL signaling may be a therapeutic strategy to inhibit AXL, SRC, and MET activity in metastatic ccRCC cells.
Given that AXL is upstream of MET, we compared the efficacy of AXL (sAXL, 4 μg/mL) and MET (ARQ197, 500 nM) inhibitors in GAS6-mediated invasion. Treatment with sAXL therapy reduced invasion by 70%, in comparison with a 40% reduction in cellular invasion using the MET inhibitor (Fig. 4F) . These findings suggest that GAS6/AXL signaling uses lateral activation of MET to maximize cellular invasion through nonconical signaling mechanisms in kidney cancer cells.
AXL Is Associated with the Lethal Phenotype in ccRCC.
The results above identify the GAS6/AXL signaling pathway as a therapeutic target to block invasion and metastasis in ccRCC. Therefore, we analyzed AXL expression in human RCC tissue within The Cancer Genome Atlas (TCGA). Compared with normal kidney tissue, AXL expression is significantly increased in ccRCC tumor tissue (Fig. 5A) . Furthermore, when analyzing AXL expression within molecular subgroups of tumor and normal samples, AXL is expressed at the highest levels in aggressive tumors (ccB) compared with tumors taken from patients with good prognosis (ccA), non-VHL-related tumors (cc3), or normal kidney (Fig.  5B) . Moreover, RCC samples with strong AXL expression came from patients with reduced survival compared with patients whose samples had weak AXL expression (Fig. 5C , P = 0.004812). Most strikingly, 100% of patients with high AXL expression died within 80 mo following diagnosis, whereas 50% of patients with low AXL expression remained alive (Fig. 5C ). These findings identify AXL as a prognostic marker for the lethal phenotype in ccRCC. Collectively, our findings identify AXL as a critical factor and therapeutic target driving the aggressive phenotype in renal clear cell carcinoma.
Discussion
Here we demonstrate that the RTK AXL is a downstream target of HIF and plays a critical role in the metastatic phenotype of ccRCC. Importantly, we demonstrate that AXL is up-regulated by HIF signaling in both VHL-deficient and hypoxic tumor cells. Recently, a role for VHL in the regulation of AXL in ccRCC has been observed. Similar to our findings, Gustafsson et al. found that reconstitution with VHL resulted in down-regulation of AXL protein levels in VHL-deficient ccRCC cells (39) . However, the mechanism by which VHL regulates AXL expression was not explored in these studies. Gustafsson et al. concluded that GAS6 activation of AXL resulted in a decrease in cell viability and migration associated with no overall effect on invasion (39) . We observe a significant role for AXL in activating ccRCC invasion and metastasis. Differences in our conclusions are likely due to the quality and purity of GAS6. The GAS6 used in our studies was recombinant human GAS6 with >90% purity and <1.0 EU/1 μg of endotoxin. The purity of GAS6 used in Gustafsson et al. studies is unclear (39) . Here we report that the transcription factors HIF-1 and HIF-2 directly bind to the AXL promoter and are necessary and sufficient to activate AXL in VHL-deficient and hypoxic cancer cells. AXL is overexpressed in a variety of tumor types, where its expression is correlated with tumor progression and metastasis (26) . However, the mechanisms by which AXL expression is activated during tumor progression are poorly understood. Here we identify a functional HIF binding site within the AXL promoter, indicating that HIF signaling directly activates AXL expression (Fig. S5) . As activation of HIF is a prominent feature of many solid tumors including kidney cancer, these findings provide a potential mechanism for AXL up-regulation in cancer either by genetic or microenvironmental activation of HIF.
We also define a pathway by which GAS6/AXL signaling regulates invasion and metastasis through the lateral activation of MET through SRC (Fig. S5) . These findings provide an alternative model for SRC and MET activation by GAS6 in ccRCC. Previous reports have shown that SRC is elevated in RCC and correlates with poor patient survival (30) . Although SRC plays a central role in mediating multiple protumorigenic signaling cascades, it is rarely mutated in cancers (32) . In melanoma, HIF-1 and HIF-2 activate SRC through PDGFRα and FAK to mediate cellular invasion (40) . Our data suggest that a mechanism for SRC activation in ccRCC occurs through HIF-mediated up-regulation of GAS6/AXL signaling where AXL directly binds to and activates SRC activity. Although previous studies have demonstrated that Y821 is a docking site for SRC and LCK, future studies are needed to delineate the role of Y821 in ccRCC invasion and metastasis (31) . The ccRCC cell lines examined in our study expressed low to high levels of endogenous GAS6. Infiltrating immune cells including leukocytes also have the capacity to produce GAS6 and stimulate TAM receptor signaling on tumor cells (41) . Thus, both autocrine and paracrine production of GAS6 may contribute to SRC activation in kidney cancer.
The RTK MET plays an important role in the pathogenesis of kidney cancer, where it regulates tumor growth, metastasis, and angiogenesis. Although mutations in the MET kinase domain drive constitutive activation of MET in papillary RCC, MET mutations in renal clear cell carcinoma have not been found (42) . Nakaigawa et al. demonstrated that VHL loss in ccRCC induces constitutive phosphorylation of MET in the absence of HGF (43) . However, the mechanisms driving HGF-independent activation of MET in ccRCC remain unknown. Here we demonstrate that GAS6 activates MET in a SRC-dependent manner. The activation of MET by GAS6 occurred in an HGF-independent manner, as the renal cell lines used in this study do not produce HGF and the upstream residue Y1235 remained unstimulated during GAS6 treatment. Our findings suggest lateral activation of MET by GAS6/AXL signaling in ccRCC. These findings highlight the importance of targeting GAS6/AXL signaling to inhibit oncogenic signaling pathways including SRC and MET.
AXL expression may be used as a valuable marker to predict the aggressive behavior and lethality of tumors in patients with ccRCC. AXL expression is associated with poor patient prognosis in ccRCC patients (44) . Moreover, we demonstrate that therapeutic inhibition of GAS6/AXL signaling in metastatic ccRCC is sufficient to prevent metastatic tumor progression. Importantly, we demonstrate that sAXL therapy inhibits the prometastatic properties of ccRCC cells that express high levels of endogenous GAS6 (SN12L1) and ccRCC cells that express low levels of GAS6, but respond to exogenous sources of GAS6 (786-0). Previous studies have shown that both tumor-and stromalderived GAS6 contributes to tumor growth and metastasis. Loges et al. used GAS6-deficient mice to demonstrate that bone marrow-derived GAS6 promotes the growth and metastasis of a variety of cancer cell lines deficient for endogenous GAS6 (41) . In these models, the tumor microenvironment stimulated the upregulation of GAS6 in leukocytes, which in turn mediate the growth and metastasis of GAS6-deficient tumor cells. Similar findings were observed in AML cells (45) . Thus, our findings indicate that sAXL therapy may inhibit both autocrine and paracrine GAS6/AXL signaling in tumors. Anti-AXL therapy primarily functions as an antimetastatic agent in ccRCC, as sAXL therapy significantly reduced metastatic tumor burden but without affecting primary tumor growth. These findings indicate that anti-AXL therapy may be most effective when combined with current antiangiogenic agents in the treatment of advanced ccRCC. Collectively, our data provide the preclinical studies to support the use of AXL inhibitors for the treatment of metastatic kidney cancer.
Materials and Methods
Detailed analysis of cell lines and culture conditions; shRNA, siRNA, and cDNA constructs; recombinant protein production; adenovirus production; ChIP-chip assay; protein isolation and Western blot analysis; luciferase assay; matrigel invasion assay; ChIP assay; immunoprecipitation assay; real-time PCR; TCGA data analysis; s.c. tumor growth and lung metastasis assay; and statistical analysis is provided in SI Materials and Methods. Real-time PCR primer sequences can be found in Table S1 . Statistical analysis was performed with ANOVA followed by two-tailed, unpaired Student t tests. P < 0.05 were considered statistically significant.
